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iii ABSTRACT Vehicle speed has long been one, if not the primary contributing factor to crashes, influencing both the probability and severity. Within the Portland metro area arterials have the highest serious crash rate per road mile and vehicle miles travelled. (Metro, 2012) The purpose of this research is to compile vehicle speeds along select arterial roadways within the Portland metro area and comparing it to applicable crash data. The roadway segment of SE Foster Road between SE 52 nd avenues and SE 82 nd avenues was selected, due to the simplicity of the physical as-built roadway properties along with available Bluetooth travel time data and Oregon Department of Transportation crash data.
The crash data is reported in one hour intervals, and the mean traffic speed was calculated to correlate to the crash data intervals. Crash types, causes, and severities were reviewed and compared vehicle speeds during the time of day and week. Negative correlating relationships between the crash types and vehicle speeds were determined, as most crashes occurred at speeds lower than the average mean. High traffic volume during peak travel times (3 PM to 6 PM) appears to be the primary contributing factor along the roadway segment. The second highest crash types are angle and turning maneuvers, both having a potential correlation to higher than average traffic speeds, but further review with detailed speed data at intersections would be required.
The roadway improvements currently proposed by the City of Portland, Bureau of Transportation aim to reduce the root causes for crashes along the corridor including implementation of a road diet; however, minor modifications to high risk intersections can be made to reduce severe crashes that are not currently identified in the plan.
iv Vehicle speed in relation to crashes has very generic relationship "as speed increases, the time to react to emerging dangers is shortened, and the likelihood of successfully coping with the imminent crash situation decreases. Also, even after the driver reacts by braking, the braking distance of the vehicle is proportional to the square of pre-braking speed... But reality is much more complicated, both theoretically and empirically." (Shinar, 1998) Understanding this basic theory, higher vehicle speeds leads to less reaction time and subsequently higher crash rates.
Research by (Solomon, 1964) on rural highways concluded that "regardless of the average speed on a main rural highway, the greater the driver's deviation from this average speed, the greater his chance of being involved in an accident." Utilizing these basic relationships between vehicle speed and safety (crashes), we can explore it to the urban arterial SE Foster Road data within Portland, Oregon and determine correlations (if any). The following information gives a detailed overview of the study objective, data collection, and analysis means and methods. Road and compared to applicable crash data to determine what characteristics are contributing the most to the urban arterial crashes.
Background

Study Location
The study area is SE Foster Rd between 52nd and 82nd which is in Southeast Portland and 
Study Objective
The object of this research project was to determine vehicle travel speed along SE Foster
Road between SE 52 nd and 82 nd avenues and cross-referenced against available crash data for the reported section of roadway. This allows us to:
1. Determine correlation (if any) to the average vehicle speed during a given hour of the day and vehicle incidents 2. Determine crash causes and locations, relate it to proposed roadway improvements 3. Project future crash estimates using power models
Organization
This research project is comprised of five different sections, including: introduction, literature review, data, conclusions, and references. The introduction goes over the basic overview of the study, study location and data types used. The literature review section has an overview of applicable studies that have been previously done that apply directly to the focus of this project.
The data section provides an analysis collected data sets, including:
• Crash types and summaries
• Speed data and analysis
• Statistical analysis between crash types and speed data
• Crash probability forecasting models utilizing power functions
• Recommended roadway improvements
The conclusion provides a summation of the information as well as it applicability to the studies noted in the literature review section. Finally, the references include a full list of the journals and reports utilized to provide knowledge and support for this research project.
LITERATURE REVIEW
The influence of vehicle speed in regards to safety is common research topic; however, the determination of a crash occurring due to an increase in speed or a deviation from the mean vehicle speed along the roadway still does not have a finite answer. This literature review covers previous studies that have been made regarding vehicle travel speed and level of crash occurrence and severity. The primary search engine utilized was Google Scholar accessed through the Portland State Library using the keywords: speed, crash, arterial, and safety. The search results were reviewed and filtered to identify applicable articles and reports that pertain to this research project.
Most of the available work reviewed pertained to highways; however, some articles had insight on urban arterial roadways using previous highway focused research methods.
Every vehicle crash is unique. Crash commonalities allow us to develop relationships in an attempt to determine cause and probabilities in order to reduce crashes and injuries altogether.
William Haddon developed a matrix that is/can be directly applied to vehicle crashes, breaking the event into three different phases: pre-event, event, and post-event or in this case pre-crash, crash, and post-crash. (Haddon, 1980) . Within this matrix, the vehicle speed factor occurs in both the pre-crash and crash events. Pre-crash includes the physical speed of the vehicle, the roadway speed limit, and additional factors that influence the probability of a crash occurrence. During the crash event, the speed of the vehicle has a major influence on the severity of the crash. Again, additional factors such as roadway, weather, vehicle performance, other vehicles (if any) conditions influence the outcome of the crash.
Solomon ( (1) increase in vehicle speed increases the risk of severity during a crash and (2) variation from the mean traffic speed results in higher crash involvement rates. Although there is a third key conclusion, being that (3) an increase in speed increases crashes, particularly single vehicle crashes. However, conflicts with additional research does not always support the third argument. slope/relationship between deviation from average speed and crash involvement rate. This is plotted atop Solomon's curve. "Interpreted in this light, the U-shaped curve can be explained as follows: in a two-car following situation, slowing vehicles are more likely to be struck than fast vehicles because when they slow down, drivers behind them are often not immediately aware of the speed change, and thus slowing down reduces the headways of cars behind them." (Shinar, 1998) 
Figure 4 -Crash Involvement Rate by Deviation From Average Traffic Speed
Driver or vehicle characteristics were also determined for speeding motorists within Fildes et al. (1991) . They concluded that on an urban roadway speeding drivers where likely to have one or more of the following:
• Young (inexperienced) driver (under 34 years) with a high crash history,
• High perception of what constitutes a safe travel speed,
• Drivers in vehicles less than 5 years old, and
• Business travelers (not on recreation journeys) who drive high weekly mileages.
These characteristics were obtained by both the trash data and a driver questionnaire. The traits listed previously cannot be readily substantiated given the information provided by the Bluetooth detectors within this research project.
After the crash event, the severity of the crash is broken into various levels: fatal, serious casualty, and casualty crashes. To project out future crash events and their respective severities Nilsson (1981) developed power relationships connecting traffic speeds with roadway trauma. Figure 5 shows the formulas used to predict accidents and roadway trauma with an increase or decrease of the vehicle speed. Initially Nilsson's power functions shown were developed for rural highways and subsequent analysis by Elvik et al. (2004) applied meta-analyses to smooth out the power estimate for urban arterial roadways. The resulting power functions by Elvik et al. were determined that significantly lower than the initial power estimates developed for rural highways.
The reduction in the power estimates was primarily related to the lower fatalities and serious injuries on urban arterials, associated with lower travel speeds. Additionally, it was also concluded that "a single speed parameter (mean or average) is not sufficient to represent the influence on casualty crashes due to the speed distribution on urban roads." (R. Elvik, 2010) Overall, the various studies reviewed Shinar (1998) combined the four conclusions that were typcially consistant throughout the studies. These included:
• Speed is a significant contributing factor to crashes;
• Specific types of crashes, such as "run-off-the-road" crashes, are definitely associated with high speeds;
• Cars with pre-crash speeds that are either significantly above or below the modal or average travel speed are likely to be overinvolved in crashes; and
• At least part of the over involvement of slow vehicles is due to forced slowing down such as for intersections, avoidance of obstacles, and so forth.
The primary data collection source of this research paper was gathered from Bluetooth 
Crash Data
The crash data (2010 -2015) Review of the crash types show an extremely high rear-end collision count accounting for 48% of all crashes, followed by a turning movement with 23% of all crashes. Comparing crash cause Table 3 and type Table 4 we can see a direct relationship with following too closely and a subsequent rear-end collision, followed by failure to yield right-of-way and a turning movement. Review of the crash primary crash causes shows an extremely high-count due to "following too closely," and subsequently followed by "did not yield right-of-way." These two crash causes directly coincide to the primary (rear-end) and secondary (turning) crash types along the roadway segment mentioned previously. 
Data Statistical Characterization and Analysis
The speed data collected (mph) was averaged into a one hour windows, per 24-hour period for each day of the week. Additionally, a standard deviation of the mean speed was generated to develop the amount of variation is travel speed. Average travel speeds for the length of the roadway varied slightly by time of day, ranging from ~25 mph during non-peak and 18-20 mph during peak times. The speed limit for the roadway segment is 35 miles per hour (mph), meaning the collected data of vehicle speeds are influenced by traffic control devices and volume. We can assume the non-peak travel time of ~25 mph, the vehicles speed after acceleration/decelerations from traffic control devices would be around or slightly greater than 35 mph. Expanding that assumption, during peak times the average speed would fall around 24-26 mph.
The highest involvement rate occurs during peak travel times, including higher volumes of 
Rear End
Assessing the data provided in both the crash and speed sections as depicted in Figure 9 , these main observations are developed:
1. The probability of being in a crash during free-flow travel times / off-peak hours is significantly less. This is also the time of day where the highest average speeds are achieved.
2. With the removal of rear-end crashes, the crash occurrences beings to normalize throughout the daytime with the variations in average speed. Extremes still occur during peak travel times on Wednesday, Thursday, and Friday afternoons.
The crash counts were plotted against the deviation from mean speed (Figure 10 ), illustrating significantly higher crash counts at speeds below the mean speed. This signifies a similar trend of "variation from the mean traffic speed results in higher crash involvement rates" (Solomon, 1964) . Crashes that occur at lower speeds correlate to volume along the roadway, higher number of vehicles directly correlates to higher probability of crash involvement rates. Three main groups can be observed from the various types of crashes that occur along the SE Foster roadway segment: (1) Angle, backing maneuver, and pedestrian crashes have a nearly horizontal linear trendline, with moderate crash dispersion both above and below the mean speed.
(2) Sideswipe, overtaking, and turning crashes are heavily concentrated at speeds lower than average. (3) Fixed crashes mostly occur at speeds above the average, although there is a low occurrence rate.
Correlation function was used to develop a measure the degree between the average vehicle speed and crash count during the time of day/week. A correlation coefficient is determined, ranging between +1.0 (positively correlated) and -1.0 (negatively correlated). A return value near zero indicates that no correlation exists or was determined. The correlation of a population is expressed by:
Where is the covariance of the pair (x, y), is the standard deviation of x and is the standard deviation of y. Correlations between the average speed and crash count type are shown in Table 5 The second column designates the significance factor (P), determined from the regression analysis.
A value less than .05 (alpha =.05) means the aligning correlation value is statistically significant.
Values greater than .05 denote that there is a 5% weak or little evidence the correlation data is reliable. This occurs with the crash count types with limited occurrences, there is not sufficient data to determine a P-value with strong evidence. More years of crash and speed data would need to be added into the analysis to determine if there is stronger evidence against the null hypothesis (speed and crash correlations).
Majority of the correlations developed in Table 5 have negative coefficients, indicating a relationship with lower deviations from the mean speed. Rear-end crashes have a strong correlation with lower speeds, along with a moderate negative correlation for turning movements. Fixed crash types have a moderate positive correlation with average speeds above the mean. This would conclude that higher speed above the mean, or free-flow of traffic times result in higher fixed object crash occurrences.
Crash Forecasting with Speed Variation Models
The majority of crashes occur during both morning and afternoon commutes, peak travel time and the highest vehicle miles traveled (VMT) period for the roadway. Assuming roadway conditions remain the same, we can use speed and road crash relationships previously developed by Nilsson (1981) using six different power functions to project crashes and casualties along the corridor. "Nilsson's relationships were empirically derived based on speed changes and crash effects resulting from a large number of rural speed limit changes" in Sweden, determining increase crash severity coincided with an increase in speed. These power functions were subsequently modified by Elvik (2009) using a meta-analysis to apply to urban arterial roadways, changing the exponential in the power function slightly. The power functions were applied to the Foster roadway to assuming both a 5 mph decrease and 5 mph increase. Projecting out five years, and with a 5 mph decrease of the Foster roadway, we would see a significant reduction of roughly 132 crashes including a reduction in both fatal (-38%) and series injury (-24%) crashes. Whereas 5 mph increase, to 40 mph would potentially lead to an increase of additional 131 crashes with an increase in both fatal (49%) and series injury (26%) crashes. Top crash types for the years of 2010-2015 being rear-end at 42% and the crash cause of "followed too
closely" at 37%, we can assert that drive distraction or inattention with limited response time during high volume travel times is the primary cause of crashes.
SE Foster Roadway Improvement Plan
The City of Portland has released a "Foster Road Transportation and Streetscape Plan" dated Overall the three intersections depicted in this section vary due to the physical configuration.
Vehicle speeds of the impacting vehicles are likely a contributing factor; however, the speed data provided does not provide sufficient detail to determine a relationship between the turning vehicles and the impacting typically traveling straight.
CONCLUSIONS
The SE Foster roadway between has been identified by Portland Bureau of Transportation as a "high crash corridor" in 2011; however, a large amount of the reported crashes occurs outside of the SE Foster roadway segment reviewed in this research paper. Vehicle speeds along the corridor do not appear to deviate substantially from the designated speed limit during free flow traffic. Crashes have a greater occurrence rate during a reduction in average vehicle speeds. The reduction in vehicle speeds typically occurs during peak times is a result of high volume and static roadway characteristics. Rear-end crashes accounted for 48% of the total crashes were determined to have a -.48-correlation value to average vehicle speed, establishing that rear-end crashes occur more frequently during lower average speeds. During congestion, two lanes of traffic traveling in each direction will have varying speeds at times, and we can revert to the statement within the literature review section stating: "two-car following situation, slowing vehicles are more likely to be struck than fast vehicles because when they slow down, drivers behind them are often not immediately aware of the speed change, and thus slowing down reduces the headways of cars behind them. This may create imminent crash situations because of lapses in attention of following drivers, slowed responses of the following drivers, or misperception of the reduced gap by the following drivers." (Shinar, 1998) Striking vehicles involved in angle and turning maneuvers crash types may be correlated to high speeds along the roadway segment; however, the speed data provided is insufficient to determine vehicle approach speeds into and/or exiting the intersections. Driver disregard for the R-A-G traffic signals while approaching an intersection is identified as a primary cause to these types of crashes. Vehicles do not typically reduce speed, but rather increase speed to make it through an intersection prior to a red light during the amber phase.
The variable of vehicle speed on the SE Foster corridor has an influence on the safety of the roadway; however, excessive vehicle speeds do not appear to be top tier cause of crashes. The roadway characteristics in combination with high traffic volumes and driver inattention are the primary influence on the crashes occurring. Previously mentioned roadway characteristics refers to the traffic/pedestrian controls and the physical angle of SE Foster with the non-perpendicular intersections for streets running North/South and/or East/West. A reduction in the speed limit
